Choosing the appropriate floor surface for a school environment is a complex issue. To assist school personnel in determining which flooring is best for their school, we studied the biocontaminant levels associated with carpeted and hard surface flooring. Two schools were selected, one predominantly tiled and one predominantly carpeted, as similar as possible with the exception of their floor coverings. Neither school was a ''problem'' building. Multiple biocontaminants were measured. For flooring, there were statistically significant differences for all the tested biocontaminants except fungi. The carpeted surfaces, being strong sinks, generally had higher surface loadings of the biocontaminants, while the airborne levels were significantly higher over tiled floors. Significant differences in airborne levels were found for dust mass, spores, fungi, b-1,3 glucans, and endotoxins. The results suggest that carpet flooring was not the major contributor to airborne levels of biocontaminants in these two nonproblem schools.
Introduction
Choosing the appropriate floor surface for a school environment is a complex issue. To assist school personnel in determining which flooring is best for their school, a carefully designed study of the biocontaminant levels associated with carpeted and hard surface flooring was performed. While there have been many studies performed in schools, most focus on schools that have become problem or complaint environments (Daisey et al., 2003) . Very few studies consider the type of flooring unless it has become a problem. At that time, it is difficult to adequately assess the influence of flooring choices. Therefore, baseline data regarding the impact of flooring on biocontaminant levels and air quality in schools are needed.
This study was implemented to help determine if there was a quantifiable difference in biocontaminant levels between one school with predominantly carpeted flooring and another school with predominantly hard surface flooring. Air and floor dust samples from the two schools were collected over a 1-year period. The airborne dust mass samples collected were PM 2.5 (particulate matter with aerodynamic diameters of less than 2.5 mm), because they are respirable. The air and floor dust samples were analyzed for dust mass, dust mite antigen, cat antigen, and cockroach antigen, culturable fungi, b-1,3 glucans, and endotoxins. Additional airborne samples were analyzed for total fungal spores.
The biocontaminants to be sampled were carefully selected to provide a broad range of information as well as some internal checks and balances. This was especially important because the results from only one biocontaminant may potentially be misleading. Using multiple markers and different methods allows us to state our conclusions much more strongly. The culturable fungi, total spores, and b-1,3 glucans are different parameters, but all are designed to quantify fungal contamination levels. The measurement of total spores quantifies the total number of spores without regard to either culturability or viability. This was important because, generally, only 1-10% of the total spores would be expected to be culturable. b-1,3 glucans were selected as a biochemical marker for fungal contamination. One of the primary sources of b-1,3 glucans in the environment is fungi, so a reasonable correlation with total spores and culturable fungi would be expected. Furthermore, fungi and b-1,3 glucan exposures have been associated with asthma and allergy (Beijer et al., 2002; Dharmage et al., 2002) .
Dust mite, cat, and cockroach antigens were selected because they are commonly associated with allergy and asthma. While dust mites and cockroaches would be expected in schools, cats would not. Generally, cat antigen is thought to be brought into schools on the clothing of cat owners. Endotoxin was selected primarily because inhalation of endotoxins has been shown to increase nonspecific bronchial reactivity in asthmatics and can be used as a biochemical marker for Gram-negative bacteria.
The respirable airborne dust mass samples that were collected were PM 2.5 , defined as particulate matter with aerodynamic diameters less than 2.5 mm. The dust mite, cat, and cockroach allergens, and b-1,3 glucans and endotoxins were quantified in the airborne PM 2.5 dust sample.
Methods

Identification of Participant Schools
The first step of the study was to identify candidate sites for participation. The floor covering of a school is just one of many variables that can differ from school to school. It was important to minimize the impact of the other differences to assess effectively the biological contributions of a carpeted vs. tiled floor covering to the school environment and to limit the cost of the study. To meet this goal, a school profile was developed to assist in the selection process and sufficient replicates were collected to permit a statistical analysis of the data.
Two main criteria were used to select the site: willingness to participate and school design. First, the school management had to be willing to participate and be supportive of the research effort, and, second, the schools had to meet our school profile. The development of the school profile focused on the engineering aspects of the school buildings, which included identifying schools with similar ventilation systems in the zones being sampled, built at the same time, and similar student loads. The two schools selected for the study are from the same school district, a primarily rural, underfunded school system with a high percentage of children living at or below the poverty level. The two schools were comparable in age, design, and student load, but differed in the type of floor covering. Both schools were noncomplaint, nonproblem buildings. The tiled school was a middle school, while the carpeted school was an elementary school. The middle school had 525 students, and the elementary school 680 students. The landscaping was similar in that both schools were built on what had previously been farmland.
The two schools were paired as closely as possible. Both were from the same school district, situated in rural locations in North Carolina, and first occupied in 1996 (4 years at the time of the study). The HVAC systems were comparable. Comfort air conditioning in both schools was accomplished with zoned air handling units (AHUs). Zones included multiple classrooms and auxiliary rooms. Oil-fired boilers provided steam to the AHU coils for the heating season, and packaged chillers provided chilled water to coils during the cooling season. Humidity was not controlled through reheat. The boilers and chillers were operated together only for a few weeks during the spring and fall when both heating and cooling might be required within a short period. The systems at both schools appeared to be well maintained. Four basic efficiency fiberglass panel air filters were used in each AHU. The tiled school was all tile, with the exception of carpet in the administration area and media center. In the carpeted school, the classroom floor area was two-thirds carpet and one-third tile. The halls, kitchen, cafeteria, and art room were tiled; while the music room, general purpose room, administrative areas, and media center were carpeted. In total, approximately 70-75% of the floor was carpeted. In our initial survey of schools, we determined that this percentage would be typical of a carpeted school.
The school system had a custodial manual for the cleaning and maintenance of all of the schools in the system. The county developed the manual to enable the schools to meet the standards for cleanliness and sanitation of the North Carolina General Statutes 130A-236 through 130A-237 section .2400 sanitation of Public: Private: and Religious School rules: .2405-2415. As best we could determine, this procedure was followed in the two schools participating in the study.
The manual outlines a schedule of daily dust and wet mopping of all tiled and terrazzo floors, and vacuuming carpets and mats in the entrance, lobbies and corridors of the school. In classrooms, auditoriums, gymnasiums, multipurpose rooms, and libraries, tile floors are dust and wet mopped daily. The traffic pattern on the carpet is vacuumed daily and the entire carpet is vacuumed thoroughly weekly or twice weekly. Noncarpeted floors are buffed twice monthly. The entire school's carpeting is cleaned annually in the summer. Each school undergoes a clean school inspection four times per year to ensure that the school is meeting the county's cleaning standards.
Sampling and Sample Locations
Our assessment of carpeted vs. tiled surface flooring in the two schools focused on biocontaminants. Both air and floor samples were collected. The air samples were analyzed for airborne dust mass (PM 2.5 ), allergens (dust mite, cat, and cockroach), culturable fungi, total airborne spores, b-1,3 glucans, and endotoxins. The dust samples were analyzed for allergens (dust mite, cockroach, and cat), culturable fungi, b-1,3 glucans, and endotoxins. All samples were collected during the school day while the schools were in session. No attempt was made to limit normal student activity. Each school was sampled five times throughout the school year, May (the end of school), September (the beginning of school), and November, January, and March. The test matrix is shown in Table 1 . Sampling at each school took 1 full day; therefore, the two schools were sampled on sequential days. This sampling pattern minimized any short-term climatic or weather differences such as rain. Five sampling sites were designated inside each school building, and two outdoor locations were sampled. Sampling locations were chosen based on the school profile. The indoor areas selected in both schools were common areas rather than individual classrooms. The common areas in the carpeted school were fully carpeted and the common areas in the tiled school were fully tiled. The traffic pattern and activity were more consistent between the schools in the common areas.
Collection of Samples
Air samples were collected using a variety of samplers and protocols depending upon the biocontaminant being measured. All air samples were collected at a height of approximately 1.2 m (4 ft).
The culturable airborne fungi were sampled using a Mattson-Garvin slit-to-agar impactor. The Mattson-Garvin draws air at 28.3 l/min through a metal inlet with a 0.02 cm (0.006-in) slit, allowing the impaction of an extensive size range of airborne organisms on the surface of a rotating agar plate. Indoor samples were collected for 15 min and outdoor samples were collected for 5 min. Five indoor and three outdoor samples were collected on each trip.
The total airborne spores were collected using Air-O-Cells (Zefon Analytical Accessories, Fl, USA). Air-O-Cells are preloaded cassettes containing a glass slide coated with a sticky impaction medium. The base of the cassette is connected to a pump using flexible tubing and air is drawn onto the impaction surface through a slit in the top of the cassette. The flow rate was set to 28.3 l/min rather than the standard flow rate of 15 l/min. Increasing the flow rate decreased the d 50 (50% particle cut point size) from 2.6 to 1.8 mm (Trakumas et al., 1998) . Lowering the cut point was important to maximize the collection of fungal spores. The Air-O-Cells were collected for 10 min.
The airborne dust mass (PM 2.5 ) was collected on filters using the Fine Particle Sampler (URG, Carrboro, NC, USA). URG's Fine Particle Sampler consists of an air pump that maintains constant flow throughout sampling. A 2 mm pore-size 47 mm polytetrafluoroethylene (PTFE) filter was loaded into a filter pack containing various stages separated by Teflon-coated mesh screens. The filter is placed on the top stage of the filter pack. Above the filter, a 2.5 mm cut cyclone is screwed into the filter pack. The cyclone is also coated with Teflon to prevent particle loss within the inlet. The entire apparatus is connected to the pump with flexible tubing. Samples were collected at 16.7 l/min for 2 hours each. The same filters were analyzed for the three allergens, b-1,3 glucans, and endotoxins.
All floor dust samples were collected with the High Volume Surface Sampler (HVS3). The HVS3 was developed through the Environmental Protection Agency for the collection of dust samples from carpet and bare floors. The dust can be analyzed for lead, pesticides, or other chemical compounds and elements. The American Society for Testing and Materials (ASTM) standard practice D5438 describes the protocols and its applicability to a variety of carpeted and bare floor surfaces (ASTM, 2000) . It has been tested for level loop and plush pile carpets and bare wood floors. RTI has a procedure for using the HVS3 to collect dusts for microbiological assays (Leese et al., 1993) .
The HVS3 uses a 1-horsepower vacuum motor with a specifically designed nozzle and cyclone trap. The unit uses magnehelic gauges to manually set the flow rate and pressure drop across the nozzle at the monitored surface. The cyclone efficiently collects 99% of the dust mass consisting of particles approximately 5 mm aerodynamic diameter and larger; however, particles down to 0.2 mm are collected more efficiently than by conventional vacuum cleaners (Roberts et al., 1991; Willis, 1995) .
Upon arrival at the field site, five separate carpeted or tiled floor areas were designated for sampling. Using a steel template measuring 1.2 m Â 1.2 m (carpet) or 4.9 m Â 1.2 m (tile), squares were laid out on the floor, and marked with Comparison of biocontaminant levels in hard vs. carpet floors Foarde and Berry masking tape. The sampling pattern began by vacuuming upward and downward strokes for eight consecutive passes over the same floor area. The operator then moved the sampler to the right of the completed strokes and repeated the series, slightly overlapping the completed area. The series was repeated until the entire sampling area was covered. The sample bottles for the HVS3 were preweighed in the laboratory prior to leaving for the field site. After sampling, the bottles were brought back to the laboratory, postweighed, and the net weight recorded.
Sample Analyses
The culturable fungi were grown on either DG18 with chloramphenicol agar for the xerophillic organisms or cellulose agar for the cellulosic fungus, Stachybotrys chartarum. No S. chartarum were isolated from either school therefore these data are not reported. On the DG18, the predominant organisms were enumerated and identified to at least the genus level. Airborne dust mass was quantified by weighing PTFE air filters. The filters were equilibrated at 30-35% relative humidity in the weighing chamber for at least 16 h, both before and after sampling. The filters were weighed on a seven-place balance. To promote consistency in the weighing process, the same operator performed all of the weighing using a standardized weighing program while following a standard procedure. The filters were extracted for the three antigens, endotoxin, and b-1,3 glucan analyses after the net weight was recorded.
The antigen (dust mite, cat, and cockroach) contents were assayed using a modification of the Food and Drug Administration procedure (FDA, 1994) for the Enzyme Linked ImmunoSorbent Assay (ELISA) inhibition (competition). This assay is a polyclonal assay (detects multiple antigens) designed to be specific for the test antigens (i.e., Der f ). This assay was selected because it is inclusive of more antigens than the monoclonal assay and results in a lower minimum detection limit. The assay determines the relative potency of the antigen in the test sample compared to a standard antigen preparation. The minimum detection was 5, 4 and 8 ng/ml for dust mite, cat, and cockroach antigens, respectively. As the levels of antigen were so low in many of the air (primarily outdoor) samples, the minimum detection limit was used in the calculation of antigen level per cubic meter of air.
Endotoxins and b-1,3 glucans were quantified using endotoxin-specific and b-1,3 glucan-specific Limulus amebocyte lysate assays (QCL-1000, BioWhittaker, Walkersville, MD, USA; Fungitec G, Seikagaku, Tokyo, Japan), respectively.
Total airborne spores were quantified by analysis of the Air-O-Cells. After opening each Air-O-Cell cassette, the internal glass slide containing the impaction medium was removed. The slide was placed onto a microscope slide and stained with lacto-glycerol. Total airborne spores were counted microscopically at Â 600 magnification.
Statistical Analyses
The primary purpose of the statistical analysis was to determine whether the differences in the levels of the various biocontaminants quantified in the two schools were statistically significant. All of the data from the samples were included in the analyses.
Two-way analysis of variance (ANOVA) models were used to analyze the logarithms of the outdoor air, indoor air, surface dust loading and surface dust concentration data. Sources of variation in each model included schools, time of year (season), and a school-by-time interaction. Models excluding the interaction effect were also fit. In addition, locations within schools were treated as random effects for the analysis of the indoor-air and surface data. Analysis of covariance (ANOCOVA) models were employed in which the average outdoor-air level at a given time and school was employed as a covariate as a means of controlling for temporal and school differences in outdoor air levels. The SAS 2 GLM procedure was used for all analyses.
Results
The results of the analyses of the HVS3 floor dust samples are shown in Tables 2 and 3 . The floor surface dust loading data are expressed in terms of area (m 2 ) of floor. The data are presented as the geometric mean (GM) and geometric standard deviation (GSD) over the full year of sampling. Those results that were statistically significant are bolded in the table. As anticipated, the carpeted school had much higher floor contamination loading than the tiled school, with the exception of culturable fungi. That the carpet would have more dust loading than the tile floor was not surprising. To further compare the two schools, the concentration of each biocontaminant was calculated per gram of floor dust. As can be seen from Table 3 , there was little difference in the concentration of the biocontaminants in the floor dust between the two schools. Cockroach antigen was the only biocontaminant that showed a significant difference. Table 4 summarizes the results of the statistical analysis of the floor dust data. The black boxes designate the statistically significant differences. The first column identifies the biocontaminant. The second column shows the sources of variation that were tested in the ANOVAs for each of the biocontaminants for the surface dust loading.
The differences in the flooring surface dust loading data were statistically significant for all of the tested parameters except fungi. This result is reasonable as these were not problem schools, and there were no known indoor sources of fungi. Seasonal differences for fungi, dust mass, and endotoxin were observed, and these patterns were consistent across schools. The primary sources of these biocontaminants were the outdoor air or soil/dirt tracked in on shoes. That the loading would be seasonal was not surprising because the number of times children go in and out of school varies by season as does the outdoor composition of those biocontaminants. Seasonal differences in floor dust have also been reported in homes (Park et al., 2000) . Cockroach antigen and b-1,3 glucan exhibited different temporal patterns for the two schools, as evidenced by the significant school-by-time interactions effect.
The statistical analysis for the concentration of the biocontaminants in the floor dust is shown in the right half of Table 4 . There were no statistically significant differences in the concentration of any of the biocontaminants in the dust between the two schools, except for cockroach antigen, which also exhibited a significant school-by-time interaction. There were seasonal differences for fungi, b-1,3 glucan, and endotoxin. Again, these patterns were consistent across schools.
The summary of the air sample analyses is shown in Table 5 . These data are separated into indoor and outdoor measurements and are expressed in terms of the volume (m 3 ) of air. As with the surface dust data, the data are summarized via the GM and GSD over the full year.
There were statistically significant differences between the two schools for indoor airborne PM 2.5 , airborne culturable fungi, total spores and b-1,3 glucan, and airborne endotoxin. In all cases, the tiled school was higher than the carpeted school. While not statistically significantly, the mite and cat antigen levels in the air samples collected from the tiled school were slightly higher than in the carpeted school, whereas the carpeted school had slightly higher cockroach antigen levels. The outdoor air levels for all biocontaminants except endotoxin were not significantly different. The outdoor air levels of antigen were generally below the minimum detection limit and were expressed as less than values for comparison with the indoor air levels. Table 6 summarizes the results of the statistical analyses for the air samples. The black boxes designate the statistically significant differences. The table format is the same as Table 4 .
For the biocontaminants measured in the outdoor air, there were no statistically significant differences between the schools except for endotoxin. There were statistically significant seasonal (time of year) differences for airborne dust mass, culturable fungi, total spores, b-1,3 glucan, and endotoxin, with some temporal differences between the two schools for dust mass, fungi, and total spores. These biocontaminants have outdoor sources and were expected to have seasonal differences. The levels of outdoor spores and fungal CFUs exceeded the indoor levels in all cases (Table 5) , indicating a functioning air filtration system in the HVAC. There were no statistically significant differences for dust mite, cat, or cockroach antigens, which originate primarily from indoor sources.
For the indoor air concentrations, there were significant differences between the two schools for PM 2.5 dust mass, culturable fungi, fungal spores, b-1,3 glucan, and endotoxin. In all cases, the tiled school was higher than the carpeted. There were also seasonal differences for dust mass, fungi, spores, b-1,3 glucan, and mite antigen.
Discussion and conclusions
The results of both the floor and air samples were consistent with neither school being a problem nor a complaint school. The airborne culturable fungi and total spores were within the range of normal buildings and schools (Franke et al., 1997; Rand, 1999) . The predominant fungus isolated from the air samples was Cladosporium, although in the fall, Alternaria was predominant. The floor dust samples contained mostly Epicoccum, Alternaria, Cladosporium and miscellaneous yeasts. Although not examined statistically, there was no obvious difference in genera between the tiled and the carpeted floor dust samples. Endotoxin levels in all the dusts were lower than those reported for residential bedroom and kitchen floors (Park et al., 2000) . b-1,3 Glucan levels were markedly lower than those (3 ng/m 3 ) considered low in residences (Beijer et al., 1999) . Owing to the variety of analysis methodologies employed in different studies, direct comparison of the absolute values of the allergen levels is difficult. However, in another study we analyzed dust samples for dust mite antigen using the polyclonal assay in parallel with the monoclonal. The polyclonal antigen concentration was equal to five times the monoclonal antigen (unpublished data). If this relationship holds true for these analyses, the dust mite concentration in the floor dust (Table 3) would be considered to pose a moderate risk factor (Hamilton et al., 1992) . If we use the same relationship between the monoclonal vs. the polyclonal assays, the airborne mite allergen levels would be approximately 6 and 14 ng/m 3 for the carpeted and tiled schools respectively. These levels would probably be considered low as they were below the levels reported as eliciting symptoms in allergic subjects in a chamber study (50 ng Der p/m 3 air) or in residences (60 ng/m 3 ) (Price et al., 1990; Ronborg et al., 1997) . Minimum detection of 5, 4 and 8 ng/ml for dust mite, cat, and cockroach antigens, respectively used for 3/4 of the sample calculations.
Comparison of biocontaminant levels in hard vs. carpet floors Foarde and Berry A comparison of the floor concentrations showed that the carpeted flooring had many times the loading of biocontaminants than an equal area of tiled flooring. This was not a surprising result, since one of the advantages of carpet is that it acts as a sink and prevents dirt from being tracked around a space. Unfortunately, unless the carpet is well maintained, the loadings of biocontaminants may build up until the carpet is no longer a sink but becomes a source of contamination. Regular maintenance is critical.
It is clear from the data that the airborne biocontaminants were found at higher concentrations over tiled floors than over carpet, as much as three times higher. There may be reasonable explanations for these differences that involve the HVAC systems and outdoor concentrations; however, it is unlikely that the flooring plays much of a role in the differences based on the aerosol properties of the particles involved.
Small aerosol particles, such as those contributing to PM 2.5 , fungal spores, and biological components such as endotoxins and b-1,3 glucans, tend to remain airborne for long periods. These particles do slowly settle to surfaces (hours) through movement in air currents and diffusion in quiet air layers. Once attached to surfaces, these small particles are difficult to dislodge into the air again.
Detachment of particles from a surface is difficult to quantitate and poorly understood (Vincent, 1995) . In general, adhesive forces are proportional to the particle diameter (d); while removal forces are proportional to particle mass (d   3   ) for vibration, and detachment by air currents is proportional to the exposed surface area of the particle (d 2 ) (Hinds, 1982) . Furthermore, about 10 times as much force is required to remove 98% of the particles as that required to remove 50% (Hinds, 1982) . As the size of particles decreases, it becomes increasingly difficult to detach them from surfaces. Therefore, large particles are easier to remove from a surface than small ones.
One class of aerosol particles that was not examined in this study was the coarse particles, those with sizes larger than PM 2.5 but smaller than PM 10 , or between 2.5 and 10 mm by aerodynamic diameter. These size particles settle rather quickly to the floor (minutes). From there, such particles may be stirred up again by people walking across the floor, by machines vibrating the floor, or by strong air currents.
The coarse particles can serve as carriers for the biocontaminants that settled on them or mixed with them on the floor surfaces. In such cases, the higher airborne concentrations in the tiled-floor schools may provide a steady source of fresh biocontaminants onto coarse particles that are rather easily reintrained or detached from the floor. On the other hand, the much larger loadings of biocontaminants in carpeted floor materials may represent a larger reservoir of older, coarse particles that can be stirred up, although perhaps not as effectively as on the tiled floors. Measuring coarse particle contaminants is difficult, because without some sort of agitation, the particles remain on the floor. It is also possible that continuous agitation in one area will deplete the area of particles that can be resuspended. Nonetheless, a person walking on a floor and resuspending particles is right in the midst of the cloud and can suffer maximum exposure.
The objective of this study was to determine if there was a quantifiable difference in biocontaminant levels between a school with predominantly carpeted flooring and a school with predominantly tiled flooring. The results showed that there were no differences in the airborne levels between the two schools for the three allergens, but there were significant differences between these schools for airborne levels of spores, fungi, b-1,3 glucan, PM 2.5 dust mass, and endotoxins. In all cases, the results for the tiled school were higher than those for the carpeted school. The full implication of this finding is not clear. All of the parameters that were significantly different have outdoor sources in this study. Furthermore, there may have been more outdoor air infiltration in the tiled school than in the carpeted school. Although the schools were paired as much as realistically possible, subtle differences can influence airborne concentrations. The results suggest that floor covering is not the major contributor to airborne levels of biocontaminants in non-problem schools.
Another possibility that should be investigated is that there is more reintrainment of particles from hard surface floors. However, this idea cannot be answered with this data set. Some careful experiments that use time of day or activity monitors to modify the sampling would probably be required to distinguish between directly airborne and resuspended biocontaminants. However, more research is needed before proposing that hypothesis.
There were statistically significant differences in flooring biocontaminant loading between the two schools. It was anticipated that carpet would have more dust loading than tile floor, since carpet is known to serve as a sink. Further comparison of the concentration of each biocontaminant, calculated per gram of floor dust, showed that there was little difference in the concentration of the biocontaminants in the floor dust between the two schools.
Care should be taken when extrapolating these data. While we have made an excellent start on collecting baseline data for carpeted and smooth-surface-floored schools, only two schools were studied. Additional studies are needed that include more schools.
